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Chapter 1 
Introduction 

1.1 Background 

In the field of Offshore Engineering, foundation is always an essential element for 

fixed platforms. In the Gulf of Mexico, most fixed platforms are pile-supported. The 

response of the pile foundations of these platforms to the external loading, both dynamic 

and static, are a classical subject for offshore engineers. With the extension of offshore 

operations into deeper water and more hostile environments, concerns with implications 

of foundation design on overall platform costs, and the need to incorporate more realistic 

foundation response characterizations into the requalification analyses of existing 

structures have brought a recent focus on the dynamic response of marine foundations. 

The general engineering guidelines for treatment of such problems are still under . 

development and subject to update. The needs for high quality experimental and 

analytical research are highlighted. Pile foundations are the key components for the 

whole drilling and production systems, which determine the safety, serviceability, 

durability and compatibility of such systems. It is desired that the pile foundations are 

designed in a safe and economic manner. 

An study was performed by the Marine Technology and Management Group at 

the University of California at Berkeley in 1997, parallel to the joint industry ULSLEA 

project. This study has an emphasis on the dynamic response of a single pile, especially 

for the ultimate state. The pile's response and capacities are calculated by different 

computer models. As the output of this effort, the calculation results by these different 

methods are correlated with those obtained by ULSLEA. 



1.2 Objectives of this Report 

A lot of detailed research has been done with respect to pile response in this The 

work performed include: 

Extending SPASM computer code used in previous study (Jin and Bea, 

August, 1997) to the non-linear pile behavior after first yielding occurs, 

obtaining an estimation of the ultimate capacity of a single pile to lateral 

loading. 

Developing an analysis model which is capable of handling both the 

nonlinear piles and nonlinear-hysteretic soil resistance, with proper supporting 

computer codes, such as Drain3D. 

With the developed model, performing analysis of the pile's behaviors beyond 

the elastic range up to final collapse. 

Using the analysis model ULSLEA, predict the ultimate capacity of a single 

pile by a simplified approach. 

Correlating the pile capacity predictions obtained by the different analysis 

models above to estimate the bias and uncertainties from the prediction 

methods. 

The purpose of this report is to summarize the results of the detailed complex pile 

response analysis and correlate them with the results from the ULSLEA program. 

Excellent agreements are obtained between the detailed complex analysis tools and 

ULSLEA programs. By comparing the calculation results from different methods, this 

report demonstrated the validity of the simplified ULSLEA. These results provide the 

information on the bias of the ultimate capacities that ULSLEA can develop compared 

with the API guideline and the detailed numerical simulation method such as Drain3D 

model. 



1.3 Organization of the Report 

This report is divided into 5 parts. Chapter 1 is the background and objectives of 

the report. Chapter 2 gives a review of the current research in this field; describes the 

basic assumption and approach in this study; details the building-up process of the 

analysis models in this study, with an emphasis on the new DRAIN3D numerical model. 

Chapter 3 is about the lateral response of a single pile, including the first yielding 

capacity, ultimate capacity. The analysis addresses pile-soil systems behaviors under 

static loading, cyclic loading and fast loading. The lateral responses were predicted by 

SPASM, DRAIN3D, ULSLEA3.0 and ULSLEA phase IV. Chapter 4 summarizes the 

analysis of the axial response of a single pile. The basic approach is the same as that for 

lateral response. The behaviors under static, fast and cyclic loading are studied. The 

calculating code is DRAIN3D and UlSLEA3.0. A calculation is also performed 

according to the API RP2A guideline. Chapter 5 is the conclusions and 

recommendations. 

Fig. 1.1 Typical pile supported platform 
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Approach and Description 

of the Analysis Models 

2.1 Current Research 

The performance (load-deformation) characteristics of pile foundations is a 

classical research subject in the design and construction of offshore oil drilling platforms. 

Realistic modeling of pile foundation is crucial to the validity of the results of static and 

dynamic structural analyses of offshore platforms. Furthermore, the comprehension of 

both the static and dynamic response of a single pile to the external loading is the comer 

stone for all the analyses in this field. The state-of-art design technique and theory 

concerning pile foundation are still under development, though there have been extensive 

research effort on this topic. In the past design and construction practice, too often have 

foundation failures been predicted to be the dominant failure mode of platforms, seldom 

have the observed failure modes included failure of foundation elements. This fact 

indicates that the traditional methods of predicting the ultimate capacity of pile 

foundations are in general conservatively biased. 

The state-of-practice design criteria of pile foundation have a static or pseudo- 

static approach. This kind of calculation method is widely used. To keep the analysis 

tractable in interpreting of complicated pile-soil interaction phenomenon, this kind of 

method has several simplifying assumptions: 

The capacities of offshore piles can be calculated using methods based primarily upon 

tests of relatively short onshore piles that were loaded slowly to failure, i.e. the 

validity of the method are usually correlated to the static loading test; 



Pile capacity reductions due to the degradation of soil resistance by cyclically applied 

loading do not need to be considered explicitly; and 

Pile capacity increases that can occur in clay soils during rapid loading also do not 

need to be considered explicitly. 

This static pile-capacity method has been used to determine the pile foundation 

configuration for the pile foundations of the more than 6,000 offshore platforms that are 

now located on the world's continental shelves. These foundations have had a remarkably 

good record of reliability. This has proved the validity of the current design criteria. The 

American Petroleum Institute ( M I )  has developed such guidelines for evaluation of the 

capacity of the pile foundations ( M I  RP2A, 20th edition 1993). These guidelines address 

a wide scope of topics such as operating and environmental loading; determination of 

static capacity; influences on capacity, stiffness; applications of discrete element and 

continuum analytical models; use of in situ and laboratory soil test and prototype pile- 

load tests in soil characterizations; evaluation of load, resistance, and deformation 

characterizations at serviceability and ultimate limit states; and interpretations and 

applications of results. These guidelines represent the culmination of a 20-year 

development effort of worldwide research regarding pile foundation performance. 

However, as stated in the principal assumption of the static-capacity calculation 

method, two important factors, which affects the in-situ performance of pile foundations 

are not addressed: the loss of strength and stiffness of the pile-soil system due to cyclic 

loading, which is obvious in the wave loading during a humcane; and the increase of 

strength and stiffness due to the high loading rate effects, which is typical in an 

earthquake. Bea (1984) summarized the trends that have been observed for piles tested 

for these two effects. Load rate effects can result in effective increases in pile strength 

and stiffness on the order of 20% to 80% or more for loading rates consistent with wave 

action. Assuming the trend continues without degradation, the expected increases for 

earthquake loading rates would be much higher, shall be to the order of 2-3. Cyclic 



loading tends to result in progressive deterioration of pile foundation strength and 

stiffness. Hysteresis curves generated for piles will tend to exhibit pinching and 

softening for repeated cycles. Tests have shown that the soil support for the pile in the top 

stratums will suffer a drastic reduction due to cyclic loading from wave force. How to 

reflect these two effects in the prediction of the real in-situ pile foundation response is 

still under investigation. For the sake of conservation, current state-of-the-practice in 

offshore engineering tends to recognize cyclic degradation in determining response. This 

is achieved by implicitly incorporating these effects into the static capacity analysis, or 

by including such negative effects in the safety index in pile foundation design. 

Meanwhile, the beneficial loading rate effects are not taken into account. It is obvious 

that further research is needed in this area to better define the interaction between these 

two phenomena. 

Assessing the structural integrity of an offshore platform requires balance 

between considerations of capacity and economic. In the case of foundations, this 

requirement translates into the need of better understanding of their performance and 

more realistic modeling of their behavior so that the foundations are not designed with 

unnecessary reserve capacity. This need has led to focus on the study of dynamic 

response of pile foundations. This analysis incorporates the two major factors not 

addressed by static method. It also involves other important factors affecting the real 

dynamic response of the pile foundations. This effort has resulted in numerous valuable 

information in guiding the design and construction. 

Bea (1984) published a key note paper on the dynamic response of the pile 

foundation. It provides a summary of the basic approaches to the investigation of this 

problem. The main concerns in the prediction of the pile foundation behaviors are as 

follows: 



Dynamic response depends primarily on external loading patterns and the 

inherent structure properties; 

Environmental loadings are dynamic. Loadings on platforms are developed 

from the motionless ocean and earth crust. It is crucial that they are well 

understood; 

Non-linearity is a key concern in the analysis: in presence of soil, which are 

highly nonlinear, the pile foundation exhibits complicated coupling action 

between the soil and the steel piles; 

High strain rates increase strength and stiffness; 

Cyclic strains decrease strength and stiffness; 

Cyclic loading leads to accumulated displacements; 

Damping developed from pile foundation is important; 

2.2 Uncertainties in the Pile response prediction 

In practice, designers of offshore platforms and pile foundations deal with 

numerous uncertainties, including imperfect knowledge of the frontier such as: the loads 

to which the superstructure is subjected; the behavior of the superstructure under those 

loads; and how the founding soils respond when those loads are transmitted to them via 

the foundation piles. 

In the frontiers mentioned above, Tang(1988, 1990), Bea(1983),Folse(1989), 

Ruiz(1984, 1986), Yegian and Hadley(1979) , Olson(1984), Kullhawy(1984), Briaud and 

Tucker(1986) have identified various factors affecting offshore pile capacity prediction. 

These studies suggested estimation of the calculation bias the uncertainty statistics 

properties associated with these factors. The conclusions concerning the major 

component of uncertainties involved in the prediction of pile capacity can be 

summarized as follows: 



Soil properties uncertainties; 

Load parameters uncertainties; 

Prediction model error; 

Uncertainties in the soil properties are a major contribution to the overall system 

uncertainties. There are several very important soil parameters needed to define the p-y 

and t-z curves for pile foundation analysis, such as undrained shear strength, unit weight, 

friction angle, and shear modulus. As an inherent character of soil mechanics, these 

parameters subject to large variation due to natural inhomogeneous properties of in-situ 

soils, and distribution during lab or in-situ test, not to mention the system variation 

derived from various test methods. The major uncertainty sources in soil parameters are 

listed as follows: 

Non-standard sampling or test methods 

Their effects are not completely avoidable on the determination of the soil 

properties, even though very high quality test are performed. 

Spatial variation of soil properties 

This variation is due to the randomness associated with the natural deposition 

process, which is the inherent variability with the macro geological structure. 

Consequently, soil properties do vary along the length of a pile and across the 

site. 

Insufficient number of soil samples 

This leads to error in the interpretation of the soil properties based on widely 

scattered locations in field, thus affect the averaged soil properties input to the 

analytical prediction model. 

Systematic error of soil properties 

Sometimes, despite the availability of a large amount of measured data, the 

estimation of the soil properties could still be subject to significant error. 



The reason is simply that all the measurements made could have been 

consistently too high or too low due to common sample disturbance, 

calibration error of instrument, or other factors. 

Load uncertainties could also be very large. An offshore platform subjects to 

environmental load induced by waves, wind and possibly earthquakes, which all have 

large inherent probability of variation. For example, the annual maximum wave height 

fluctuates considerably between years. This inherent variability is further magnified by 

the uncertain dynamic transfer function relating the wave characteristics to the induced 

loading at the pile head. The main loadings transmitted onto a pile head take the form of 

axial load, lateral load and possibly bending and torsion moments. However, the structure 

behavior at connection between jackets and piles is extremely difficult to predict. The 

forms and values of actual loading and boundary restraint on the pile have a large range 

of variation. Moreover, the patterns of cyclic degradation and high loading rate effects in 

the dynamic analysis are subject to insufficient understanding, thus involve large 

uncertainties in the pile capacity prediction. 

Each pile capacity prediction method has some simplifying assumptions. This 

uncertainty is a system error which vary among different prediction methods. 

Experiments and field tests indicate that even if the soil parameters in the input to 

prediction model could be accurately determined and if the applied loads are carefully 

controlled, discrepancy would still prevail between the predicted and measure pile 

responses. Besides this, the numerical and discretization procedure in the current 

prediction model to solve the beam-column equation could also impose additional 

uncertainties. Furthermore, most present prediction models are correlated to the load test 

results to verify their validity. Thus the discrepancy between in site pile capacity during 

operation and those measured in load test program impose another uncertainties on the 

pile foundation analysis. The pile capacity measured at a load test does not necessarily 

have the same capacity of a similar pile during a storm. For instance, load tests are 



generally performed within 100 days of pile installation, whereas the maximum load 

applied to a pile during a structure's lifetime may occur years after installation. For most 

normally consolidated clay where soil strength around a pile generally increases with 

time after pile installation, the capacity measured during load tests could significantly 

underestimate the actual pile capacity due to this reconsolidation effect. Generally the 

capacity measured during the load tests with relatively slower loading rate underestimate 

the actual pile capacity. Other factors can also be identified that would cause a 

discrepancy between the load test capacity and the actual capacity during operation, such 

as soil reconsolidation, pile compressibility, jacking error during load test, etc., thus 

increase the uncertainties in the prediction model. As an example, Table 2.1 summarizes 

the biases for axial pile capacities. 

Table 2.1 Bias in axial pile capacity in normally consolidated clays 

This report summarizes the results and conclusions of the research effort on 

identifying the uncertainties in the prediction models by the means of comparing 

predicted capacities obtained from several methods. 

Component 

Boring 

Sampling 

Testing 

Strength 

characterization 

Loading 

Analysis 

age - 

Reference Condition 

Drill mud, heave compensation 

Push large diameter 

Remolded, reconsolidated, 

direct simple shear 

Upper bound 

Static 

Nonlinear finite element, t-z, q- 

z degrading 

10 years 

Actual Condition 

Sea water, drill collars 

Wire-line small diameter 

Unconfined compression 

Lower bound 

Storm wave 

earthquake 

Limit equilibrium 

10 days 

Median Bias 

1.2-1.3 

1.5-2.0 

1.5-2.0 

1.5-2.0 

1.5-2.0 

2.0-2.5 

1.2-1.3 

1.5-1.8 



2.3 Analysis models in this study 

The prevailing analytical models in use at present time are the discrete Winkler 

foundation model of beam-column based on non-linear soil support. Numerous 

researchers have studied the pile-soil capacity problems using this model(Matlock, 1978; 

Kagawa, 1986; PMB, 1988; Bea, 1992; Wang, 1996; Lok and Pestana 1997). This model 

is superior to the finite element model since its prediction fits the measured pile 

behaviors better. The Winkler foundation model is illustrated in Fig. 2.1. This study also 

takes the discrete element method as basic approach. There are two major prediction 

models in this study: the SPASM lateral response prediction model, and the more 

versatile analytical model developed by DRAIN3D structure analysis software package. 

The purpose of the these models is to investigate the ultimate behavior of the pile-soil 

system. LTLSLEA is a simplified prediction model of the ultimate capacities of pile 

foundation. 

Fig 2.1 Winkler pile foundation model 



2.3.1 SPASM model 

There is a detailed description of the SPASM model used in this study in the 

earlier report of the first phase research (Jin and Bea, August, 1997). The basic 

mechanism of the model is shown in Fig. 2.2. This model has performed an excellent 

prediction of the lateral response of a single pile with different loading patterns and pile 

head rigidities, while the steel pile is still in the elastic range. 

Rorarional restraint Re 

Lateral lo 

Depth of 
reduced 
resistance a r R e s i d u a l  zone Resistance Pr depends on the depth from 

Springs and dashpot to 
simulate the near-field soil 
response 

Free-field soil 

/ colu- 

Pile srarion: 
lumped elasticity 

Y/Yy 

mudline 

Fig. 2.2 illustration of SPASM analysis model in this study 



One thing shall be noted is that this model assumes an elastic pile in soils. The 

validity of the model is doubtable after the first yielding occurs in the pile. To keep a 

clear total picture of the pile response, this study assumes the steel pile exhibits an 

elastic-perfectly-plastic behavior. The second-order strain-hardening phenomenon is 

neglected. This means the stiffness of the pile will reduce to zero after yielding takes 

place. So there will be a significant loss in the stiffness of the steel beam-column based 

on non-linear soil supports. If the lateral load on pile element in the SPASM model keeps 

increasing after yielding, this analytical model will miss to capture the real deformation 

of the pile. However, theory and experiments have proved an ultimate collapse 

mechanism of such a beam-column. The pile will collapse after formation of two plastic 

hinges at certain locations along the pile length. For a beam with annular cross section 

and rotational fixed end, empirical and theoretical formulae have demonstrated the 

ultimate bending moment for such section is around 1.3 times the first yielding bending 

moment. Loading to this level will form the first plastic hinge in the beam. And it will 

usually take 1.4-1.5 times this loading to form the second plastic hinges. Based on this 

argument, an analysis by SPASM is performed to estimate the ultimate capacity of a 

laterally loaded single pile. It shall be emphasized that this analysis can only roughly 
' 

capture the ultimate behavior of the pile with respect to the magnitude of loading at the 

pile head. Neither can it predict the real displacement of the pile head, nor can it indicate 

the final collapse patterns of the pile. The results from this study by SPASM are taken as 

a reference to the more powerful prediction model by DRAIN3D. They are also 

correlated to the ultimate capacity prediction obtained by ULSLEA. The detailed results 

are documented in Chapter 3. 

2.3.2 DRAIN3D model 

To evaluate the ultimate capacity of the pile foundation, especially for the case of 

laterally loaded pile, an analytical model which is capable of handling both non-linear 



steel pile and non-linear-hysteretic soil support is needed. In this study, such a model is 

developed using the structure analysis software package DRAIN3D. 

DRAIN3D(Dynamic Response Analysis of Inelastic 3-Dimensional Structures) 

computer program is a member of the family developed from DRAIN-2D at UC, 

Berkeley. The most recent version DRAIN3DX was developed in 1994. It is a powerful 

structure analysis tool for general use. The software package consists of a "base" program 

which manages the data and controls the analysis procedure, plus a set of subroutines for 

each element type which control the element details. Information is transferred between 

the base program and the elements through an interface that is the same for all the 

element types. 

To perform an analysis of a structure, the structure is decomposed into an 

assemblage of 3-dimensional nonlinear elements connected at nodes. Nodes are identified 

by number, and need not be numbered sequentially. Each node has six degrees of 

freedom ( translation and rotation). The elements are divided into groups. All elements in 

a group are of the same type. An element is identified by its group number and element 

number. 

The structure mass is lumped at the nodes, and the mass matrix is diagonal. A 

viscous damping matrix that is proportional to the element stiffness and nodal masses can 

be specified. The form of this matrix is: 

C =  x a M + ~ p K ~  

where M is the mass matrix, and K is stiffness matrix. 

In effect, mass-dependent damping introduces translational andlor rotational 

dampers at each node, with damping coefficients a. Different values of a can be 

specified for each node of desired. Stiffness dependent damping introduces dampers in 



parallel with the elements. Different values of P can be specified for each element group. 

The damping matrix, Kp, for any element, however, remains constant. In the current 

version of many elements, Kp , is set equal to the initial element stiffness, KO. If desired, 

a and p values can be globally scaled between analyses. 

The program uses an event-to-event strategy to solve the nonlinear problem, 

where each event corresponds to a significant change in stiffness. When an event occurs, 

the structure stiffness matrix is modified and an analysis is performed for the next step. It 

also permits a detailed energy balance calculation. This calculation accounts for the 

external work on the nodes, static elastic-plastic work on the elements, kinetic energy, 

and viscous damping work. If there is a significant energy unbalance, the analysis results 

are likely to be inaccurate. This scheme is simpler and more stable. But it requires more 

calculating time. To reduce the execution time, provision is made for event overshoot 

tolerances to be specified, so that the structure stiffness is not modified at each exact 

event but at a somewhat larger load. 

Although the pile foundation response problem is principally a 2-dimensional 

problem, DRAIN3D is chosen over DRAIN2DX because the recent 3D version contains 

more versatile elements which are needed to simulate the unique stress-strain curve and 

cyclic degradation characteristics of the soil support. The elements contained in the 

recent DRAIN3D version element library are as follows: 

Element type 1 : inelastic truss bar; 

Element type 4: simple connection element; 

Element type 5: friction bearing element; 

Element type 8: fiber hinge beam-column element; 

Element type 9: compression/tension link element; 

Element type 15: fiber beam-column element; 

Element type 17: elastic beam-column element; 














































































































